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ABSTRACT 

The e f f e c t i v e n e s s  of  l e a d ,  i r o n ,  aluminum and water 

a t  s h i e l d i n g  a g a i n s t  p r o t o n s  t r a p p e d  i n  t h e  e a r t h ' s  magne t i c  

f i e l d  has been c a l c u l a t e d .  The c a l c u l a t i o n s  have been made 

f o r  s p h e r i c a l  c a v i t i e s  w i t h  i n s i d e  r a d i u s  v a r y i n g  from 1 0  em 

t o  1 0 0 0  em and f o r  a model common m i s s i o n  module.  For t h i n  

wal led  s h i e l d s ,  l i g h t e r  e lements  are  more e f f e c t i v e  p e r  u n i t  

mass. When wall  t h i c k n e s s  i s  comparable  w i t h  t h e  chamber 

r a d i u s ,  t h e  d e n s e r  m a t e r i a l s  become more e f f e c t i v e .  

T h i s  memorandum was p r e p a r e d  d u r i n g  t h e  S a t u r n  V 

Workshop Study and supplements  Refe rence  1, " T r a p p e d  R a d i a t i o n  

Doses" which d e s c r i b e s  t h e  v a r i a b i l i t y  o f  do'se w i t h  a l t i t u d e  

and i n c l i n a t i o n .  
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I n t r o d u c t i o n  

The dose  encoun te red  i n  a g i v e n  r e g i o n  of s p a c e  
g e n e r a l l y  depends on t h e  mass s h i e l d i n g  s u r r o u n d i n g  t h e  s y s t e m  
i n  q u e s t i o n .  S ince  many of  t h e  r e s u l t s  of r a d i a t i o n  s h i e l d i n g  
c a l c u l a t i o n s  are  e x p r e s s e d  i n  te rms  of t h e  t h i c k n e s s  of  aluminum 
r e q u i r e d  t o  p r o v i d e  a g i v e n  d e g r e e  of  p r o t e c t i o n ,  i t  i s  u s e f u l  
t o  p r e s e n t  r e s u l t s  comparing t h e  e f f e c t i v e n e s s  of  aluminum w i t h  
o t h e r  p o s s i b l e  s h i e l d i n g  m a t e r i a l s .  It i s  f u r t h e r  u s e f u l  t o  
p r e s e n t  t o t a l  mass v a l u e s  r a t h e r  t h a n  wall  t h i c k n e s s e s .  

C a l c u l a t i o n s  have p rov ided  t h i s  i n f o r m a t i o n  f o r  l e a d ,  
i r o n ,  water and aluminum i n  t h e  form of s p h e r i c a l  s h e l l s ,  and a 
c y l i n d r i c a l  model f o r  a common m i s s i o n  module. F u r t h e r ,  t h e  
dose  r a t e  dependence on t o t a l  mass i s  g i v e n  f o r  a c i r c u l a r  ear th  
o r b i t  w i t h  300 nm a l t i t u d e  and 30' i n c l i n a t i o n .  The dependence 
of dose  r a t e  on t o t a l  mass i n  o t h e r  low e a r t h  o r b i t s  can  be 
estimated from t h e  r e s u l t s  o f  t h i s  memorandum i n  c o n ' u n c t i o n  w i t h  
Reference  1, p r e p a r e d  f o r  the  S a t u r n  V workshop studly. 

The dependence of dose r a t e  on mass w i l l  be d i f f e r e n t  
f o r  d i f f e r e n t  p r o t o n  energy  s p e c t r a  s o  t h a t  t h e  dependence of 
r e l a t i v e  dose r a t e  on s h i e l d  t h i c k n e s s  w i l l  n o t  be t h e  same f o r  
o t h e r  t y p e s  of r a d i a t i o n .  However, t h e  r e l a t i v e  e f f e c t i v e n e s s  
of d i f f e r e n t  m a t e r i a l s  w i l l  n o t  change.  

D i s c u s s i o n  o f  C a l c u l a t i o n s  

Two geomet r i c  c o n f i g u r a t i o n s  have been c o n s i d e r e d .  
The f i r s t  c o n s i s t e d  o f  a set  o f  s p h e r i c a l  c a s k e t s  which c o u l d  
be u s e d  t o  s h i e l d  some r a d i o s e n s i t i v e  o b j e c t  l i k e  f i l m  w i t h  
i n s i d e  r a d i u s  v a r y i n g  from 1 0  cm t o  1000 cm. The o t h e r  con- 
f i g u r a t i o n  was a c y l i n d r i c a l  model f o r  a common m i s s i o n  module. 
T h i s  model had heavy s h i e l d i n g  a t  t h e  ends  which was n o t  i n c l u d e d  
i n  t h e  v a l u e s  quo ted  and had a n  o u t s i d e  d i a m e t e r  of  20  f e e t .  The 
l e n g t h  of  t h e  module was 1 2 . 5  f e e t .  
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For  t h e  s p h e r i c a l  c o n f i g u r a t i o n  t h e  t o t a l  r e q u i r e d  
mass i s  e v a l u a t e d  by means of  t h e  e x p r e s s i o n :  

t 1 t  
3 R  M = 4 m p R 2 t  (1 + t - ( - ) 2 )  

F o r  t h e  c y l i n d r i c a l  CMM model t h e  mass i s  g i v e n  by:  

M = 2 ~ 1 p h R t ( l  -*K) t 

I n  t h e  above e x p r e s s i o n s :  p . i s  t h e  d e n s i t y  o f  t h e  s h i e l d i n g  
(g/cm3) ; mater ia l  

R i s  t h e  c o n t a i n e r  r a d i u s  ( i n s i d e  
r a d i u s  f o r  t h e  s p h e r i c a l  c a s k e t s ,  
o u t s i d e  r a d i u s  f o r  t h e  CMM) (cm); 

h i s  t h e  h e i g h t  o f  t h e  CMM ( C m ) ;  

C .  ~ is L L -  - - e l l  CI- .^ l? - , . . - . , . .  f e e \  
b i i c  w a i l  L i i i L n i i c a a  { G I I I )  , 

de te rmined  from range-energy c u r v e s .  

For p r o t o n s  i n  the ene rgy  r a n g e  1 PieV t o  s e v e r a l  hundred  
MeV, which i s  t h e  r ange  of pr imary  i n t e r e s t  i n  c o n s i d e r i n g  manned 
spaceflight h a z a r d s ,  t h e  dorriinant i r i t e r a c t i o i ?  p roduc ing  ene rgy  
l o s s e s  i s  i o n i z a t i o n .  The theo ry  o f  t h i s  t y p e  of i n t e r a c t i o n  has 
been wel l -deve loped  and i s  d e s c r i b e d  i n  some d e t a i l  i n  Evans 
( R e f e r e n c e  2 ) .  The r a t e  of energy loss i s  g i v e n  by:  

l n ( l - B 2 )  -B2 ergs/cm dE - 4 z2  e' - _  
d t  mo V L  

J L 
where :  mo i s  t h e  r e s t  mass of t h e  e l e c t r o n ,  

z i s  t h e  n u c l e a r  charge  o f  t h e  i n c i d e n t  p a r t i c l e s ,  
e i s  t h e  cha rge  of  t h e  e l e c t r o n ,  
V i s  t h e  v e l o c i t y  of t h e  i n c i d e n t  p a r t i c l e ,  
N i s  t h e  number of  t a rge t  atoms p e r  c m 3 ,  
Z i s  t h e  a tomic  number of t h e  t a r g e t  mater ia l ,  
B i s  t h e  r a t i o  of t h e  v e l o c i t y  of t h e  i n c i d e n t  

I i s  t h e  i o n i z a t i o n  p o t e n t i a l  of t h e  t a rge t  mater ia l .  
p a r t i c l e s  t o  t h e  speed  of l i g h t ,  

The v a l u e s  o f  I used  i n  Reference  3 and which have been  
e v a l u a t e d  e x p e r i m e n t a l l y  a r e :  

MATERIAL I 
Aluminum 1 6 3  e V  
I r o n  285 e V  
Lead 826 e V  
Water 6 5 . 1  eV 
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Range ene rgy  c u r v e s  based on t h e s e  v a l u e s  are shown i n  F i g u r e  1. 

From t h e  above e q u a t i o n  one can  see t h a t  t h e  s t o p p i n g  
power o f  a g i v e n  p i e c e  of  s h i e l d  i s  p r o p o r t i o n a l  t o  N Z t  which 
i s  t h e  number of  e l ec t rons / cm2  which p e n e t r a t i n g  p r o t o n s  see 
on t h e i r  p a t h s  th rough  t h e  m a t e r i a l .  T h i s  can  b e  w r i t t e n  as 

N Z T  = n p t  Z 
A 

where: rl i s  Avagadro 's  number 
p i s  t h e  s h i e l d  d e n s i t y  
A i s  a tomic  weight  of t h e  s h i e l d  
t i s  t h e  s h i e l d  t h i c k n e s s ,  i n  cm 

The above r e l a t i o n s h i  i n d i c a t e s  t h a t  f o r  a g i v e n  t h i c k n e s s ,  
e x p r e s s e d  i n  grams/cm ( i . e .  x = p t  ) ,  t h e  s t o p p i n g  power and 
t h e  r a n g e  depend on the  ratio ?f a tomic  number t o  a tomic  w e i g h t .  
I n  g e n e r a l ,  f o r  l i g h t  n u c l e i ,  e x c l u d i n g  hydrogen,  t h i s  q u a n t i t y  
Is about one hai r .  T o r  n e a v i e r  n u c l e i ,  t h e  number of' n e u t r o n s  
i n c r e a s e s  more t h a n  t h e  number of p r o t o n s  s o  t h a t  t h i s  r a t i o  
becomes c o n s i d e r a b l y  l ess  t h a n  one h a l f  ( e . g . ,  .38 f o r  l e a d ) .  

i? 

S i n c e  t h e  i o n i z a t i o n  p o t e n t i a l  v a r i e s  w i t h  a tomic  number, 
L 1 -  . 
b r i e  r a n g e  i s  n o t  a c c u r a t e l y  p r o p o r t i o n a l  t o  A / Z .  An e m p i r i c a l  
r e l a t i o n  f o r  t h e  dependence of  r ange  on a tomic  weight  i s  c a l l e d  
t h e  Brag-Kleeman r u l e  which s t a t e s  t h a t  t h e  r a n g e  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  of t h e  a tomic  w e i g h t .  T h i s  r u l e  
i s  also d i s c u s s e d  b r i e f l y  i n  Refe rence  2 .  It can a l s o  b e  used  t o  
g e t  an  e f f e c t i v e  range  f o r  mix tu res  or compounds b y  u s i n g :  

a p p r o x i m a t e l y  

and t h e  e x p r e s s i o n :  

The v a l i d i t y  of  t h e s e  r u l e s  i s  shown i n  F i g u r e  1 where: 
1 R, - R and (z) R 

A r A  

have  been p l o t t e d  f o r  aluminum, i r o n  and l e a d .  I t  i s  s e e n  t h a t  
n e i t h e r  r u l e  i s  i d e a l  o v e r  t h e  whole r ange  of e n e r g i e s  shown. 
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The f o l l o w i n g  v a l u e s  f o r  d e n s i t y  were used  f o r  t h e  
materials c o n s i d e r e d :  

WATER 1 .00  grams/cm3 
ALUMINUM 2 . 7  grams/cm3 
I R O N  7 . 9  grams/cm3 
L E A D  1 1 . 4  grams/cm3 

The p r o t o n  ene rgy  spec t rum used  f o r  t h e  c a l c u l a t i o n s  
i s  t h a t  d e s c r i b e d  by Vette (Refe rence  4 )  f o r  a c i r c u l a r  o r b i t  
a t  300 nm a l t i t u d e  and 30' i n c l i n a t i o n .  The i n t e g r a l  ene rgy  
spec t rum i s  shown i n  F i g u r e  2 .  

R e s u l t s  

The dose r a t e  i n  a c i r c u l a r  o r b i t  w i t h  300  nm a l t i t u d e  
and  30" i n c l i n a t i o n  i s  g iven  as a f u n c t i o n  of t o t a l  mass f o r  t h e  
s p h e r i c a l  c a s k e t s  dnd t h e  model  CMM i n  F i g w e s  3 and 4. T h e  
s c a r c e n e s s  o f  high energy  s p e c t r a l  data makes e x t r a p o l  a t i o n  of 
t hese  c u r v e s  much beyond t h e  l i m i t s  shown somewhat q u e s t i o n a b l e .  
However, i n  t h e  r e g i o n s  shown, t h e  u n c e r t a i n t y  i n  dose  r a t e  
s h o u l d  be less t h a n  a f a c t o r  of two. 

The r e l a t i v e  e f f e c t i v e n e s s  of l ead ,  i r o n ,  water and 
aluminum as s h i e l d i n g  m a t e r i a l s  i s  shown f o r  t h e  g e o m e t r i c a l  
c o n f i g u r a t i o n s  d i s c u s s e d  above i n  F i g u r e s  5 t h r o u g h  1 2 .  The 
c u r v e s  r e p r e s e n t  t h e  mass of each  mater ia l  r e q u i r e d  t o  p r o v i d e  
t h e  same s h i e l d i n g  as a g iven  amount of aluminum. A l s o  shown 
i s  t h e  t h i c k n e s s  of  aluminum c o r r e s p o n d i n g  t o  a t o t a l  mass of 
aluminum. S i n c e  t h e  range-energy data  and d e n s i t y  data needed 
f o r  t hese  c a l c u l a t i o n s  a r e  very w e l l  known, t h e  v a l u e s  g i v e n  i n  
t hese  f i g u r e s  are  u n c e r t a i n  by l e s s  t h a n  1 0 % .  

Conc lus ions  

Where t h e  w a l l  t h i c k n e s s  i s  a small f r a c t i o n  ( e .g .  < l o % )  
of t h e  r a d i u s  of t h e  chamber, t h e  mass of material  needed t o  
p r o v i d e  a g i v e n  degree o f  s h i e l d i n g  i n c r e a s e s  w i t h  t h e  a tomic  
number of  t h e  s h i e l d i n g  mater ia l .  For such  a t h i n  s h e l l  c a s e ,  t h e  
t o t a l  mass i s  e q u a l  t o  t h e  a r e a  m u l t i p l i e d  by t h e  r e q u i r e d  areal  
d e n s i t y  g i v e n  i n  F i g u r e  1. Water g i v e s  t h e  l i g h t e s t  w e i g h t s  and 
l ead  t h e  h e a v i e s t .  I r o n  s h i e l d s  a re  abou t  2 0 %  h e a v i e r  t h a n  
aluminum ones .  P o l y t h e n e  i s  about  10% l i g h t e r  t h a n  water would 
b e  and may be  more conven ien t  i n  some a p p l i c a t i o n s  t h a n  water. 
Fo r  t h e  CMM model w i t h  R = 3QO cm, t h e  t h i n  s h i e l d  approx ima t ion  
i s  a l w a y s  v a l i d  f o r  meaningfu l  c a l c u l a t i o n s .  
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When t h e  wal l  t h i c k n e s s  be,comes comparable  t o  t h e  
chamber r a d i u s ,  one can no l o n g e r  t r e a t  t h e  wall  as a t h i n  
s h e l l .  I n  such  c a s e s ,  s h i e l d i n g  i s  l ess  e f f i c i e n t  p e r  u n i t  
mass because  of  g e o m e t r i c  e f f e c t s ;  t h e r e f o r e ,  t h e  d e n s e r  
mater ia l s  become b e t t e r  r e l a t i v e  t o  t h e  l i g h t e r  o n e s .  The 
c r o s s o v e r  p o i n t  f o r  aluminum, w a t e r  and i r o n  o c c u r s  f o r  t h e  
s p h e r i c a l  c o n f i g u r a t i o n  when t h e  wall  t h i c k n e s s  i s  abou t  one- 
f o u r t h  of  t h e  i n s i d e  r a d i u s .  Lead becomes as e f f e c t i v e  as 
aluminum when t h e  r e q u i r e d  t h i c k n e s s  of  aluminum i s  abou t  
h a l f  t h e  i n s i d e  r a d i u s .  

1011-RHH-cas R .  H .  Hi lberg  
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PROTON ENERGY (MeV) 

FIGURE 2 - INTEGRAL TRAPPED PROTON ENERGY SPECTRUM ENCOUNTERED IN CIRCULAR 
M T H  ORBIT WITH 300 N M  ALTITUDE AND 3OoINCLINATI0N. 
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FIGURE 5 - COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATER AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS EQUAL TO 10 C M  . 
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FIGURE 6 - COMPARISON OF MASS LEAD, IRON, ALUMINUM AND WATER AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS EQUAL TO 20 C M .  



c I 

103 1 o4 
MASS OF ALUMINUM (G) 

1 o5 1 06 

THICKNESS OF ALGMINUM (CM) 

FIGURE 7 - COMPARISON OF M A S S  OF LEAD, IRON, ALUMINUM AND WATER AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS EQUAL TO 40 CM. 
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FIGURE 8 - COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATER AS SHI 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS EQUAL TO 100 
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FIGURE 9 - COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATER AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS OF 200 CM. 
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FIGURE 10 - COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATER AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH I NSlDE RADIUS EQUAL TO 400CM. 
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FIGURE 1 1  -COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATEK AS SHIELDING 
MATERIALS FOR A SPHERICAL CAVITY WITH INSIDE RADIUS EQUAL TO 1000 CM. 
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FIGURE 12 - COMPARISON OF MASS OF LEAD, IRON, ALUMINUM AND WATER As SHIELDING 
MATERIALS FOR A MODEL C O M M O N  MISSION MODULE. 


